Introduction
Requests for measurements and calibrations using bidirectional diffuse reflection geometries have substantially increased in recent years. The driving forces behind this trend are the stringent requirements from industry and research and development (R&D). The industrial demands are due in large part to a variety of new materials, so-called gonioapparent or goniocromatic materials, whose visual appearance changes significantly depending on the angular pair of irradiation and viewing [1−3] . Such materials include metallic paint finishes, lustre pigments and interferometric coatings [4−6] . The R&D demands arise from sophisticated applications, such as material characterizations of space-based implementations (i.e., specific satellite components) [7] or the radiometric in-orbit traceability of earth-observation satellites via calibrated reflectance standards [8, 9] . For both cases, the growing need for bidirectional reflectance measurements using geometries with arbitrary angles of incidence and reflection located within the half-space above the sample under test has resulted in the development of elaborate, custom-built gonioreflectometers [10−16] .
In particular, the visual appearance of industrial products, which is a bidirectional characteristic, is becoming more and more relevant as customers place increasing importance on the aesthetic appeal of merchandise. This has led to the development of commercially available, multi-angle spectrophotometers that enable reflectance measurements of the sample under test using up to 14 different angular combinations. Many of these geometries are recommended in standards of the Deutsches Institut für Normung e.V. (DIN) and ASTM International [17, 18] . Typically, these commercial multi-angle instruments are relative measuring devices requiring traceability to the absolute reflectance scale maintained at dedicated NMIs (National Metrology Institutes) via calibrated diffuse reflection standards in the desired bidirectional reflection geometry.
Currently, bidirectional reflectance scales are not included in the key comparisons arranged by the Consultative Committee of Photometry and Radiometry (CCPR) of the Bureau International des Poids et Mesures (BIPM). International comparisons on diffuse reflectance have focused on directional-hemispherical or hemispherical-directional reflectance, which are based on integrating sphere measurements. The most recently completed key comparison, CCPR-K5: Spectral diffuse reflectance, had participants from 13 different countries worldwide, including NIST and PTB [19] .
Key comparisons are a critical component of the Comité International des Poids et Mesures (CIPM) Mutual Recognition Arrangement (MRA) [20] . They establish the degree of equivalence of national measurement scales and substantiate the published Calibration and Measurement Capabilities (CMCs) of an NMI found in Appendix C of the CIPM MRA, thereby supporting trade and commerce in the global marketplace. Thus, in the absence of a key comparison on bidirectional reflectance, NIST and PTB arranged a bilateral comparison of their respective scales for the 0:45 geometry. (In-plane, bidirectional geometries are designated as θi:θr, where θi is the angle of incident radiation with respect to the surface normal and θr is the detection angle of reflection [21] .) This geometrical configuration was selected based on its widespread use. Like the 45:0 geometry, it is recommended by the CIE (Commission Internationale de l´Eclairage, International Commission on Illumination) [22] .
Here, we present results of this bilateral comparison, which spanned the spectral region from λ = 330 nm in the ultraviolet (UV) through the visible (Vis) to λ = 1150 nm in the near infrared (NIR). Four reflectance standards were exchanged between NIST and PTB: two sintered polytetrafluoroethylene (PTFE) samples and two matte ceramic samples. The two types of standards were selected based on their different material composition and distinct spectral properties. Sintered PTFE is strongly reflecting and spectrally flat over the investigated wavelength range; whereas the reflectance of the ceramic exhibits a steep decrease for wavelengths below 450 nm. Despite varying measurement approaches (absolute versus relative measurements and different methods of spectral discrimination), the resulting degrees of equivalence demonstrate excellent agreement of the 0:45 reflectance scales of NIST and PTB.
Measurements A. Measurement Protocol
This comparison involved the exchange of four reflectance standards, two sintered PTFE samples and two matte ceramic samples. The sintered PTFE standards were 5 cm by 5 cm square, and were identified as PTFE #1 and PTFE #2. The two matte ceramic standards were 88% white and also 5 cm by 5 cm square. These standards were identified as Ceramic #45 and Ceramic #46.
NIST and PTB measured the 0:45 reflectance factor for each of the four comparison items at 5 nm increments within the silicon detection range (330 nm to 1150 nm), and calculated the combined expanded uncertainties (k = 2).
The following sub-sections provide descriptions of each instrument and measurement methods employed. Additional details of specific wavelength ranges and other measurement parameters can be found in Table 1. B. PTB Measurements PTB operates a robot-based gonioreflectometer for the calibration of diffuse reflectance standards for bidirectional geometries [10, 11, 23] . The system is capable of performing measurements within the entire hemisphere above the sample under test, and the orientation of the angles of incidence and detection, with respect to each other, can be chosen arbitrarily.
The gonioreflectometer acquires absolute measurements of reflectance and uses broadband irradiation of the sample with spectrally selected detection of the reflected radiation. A schematic of the instrument is shown in Figure 1 . Briefly, unfiltered and unpolarized irradiation is generated by a sphere radiator, which consists of a small integrating sphere with an internal diameter of 150 mm and a built-in quartz tungsten halogen (QTH) lamp. This light source provides a near-Lambertian beam profile, with the spatial variation of the emitted radiance on the order of ± 0.2 % [24] . The sphere radiator is mounted on a large rotation stage that can be rotated 360° around the sample to establish the angle of incidence. The sample is mounted on a small five-axis industrial robot, which can orient the sample for both in-plane (sample normal lies within the plane of reflection) and out-of-plane (sample normal lies outside of the plane of reflection) measurements. The position of the detection system is fixed and consists of a set of five folding-and focussing-mirrors, a monochromator, and the detector.
The spectral reflectance factor R(λ) is calculated based on the following equation:
where rs is the distance between the sample and the aperture of the sphere radiator, As is the area of this aperture, and θi is the incident angle of the radiation, or more specifically, the angle between the vector of the surface normal of the sample and the direction vector of the directional incident radiation. S r ′ (λ) is the net signal due to the reflected radiation and S i ′ (λ) is the net signal due to the incident radiation, such that both signals are corrected for the dark current.
For each wavelength, the signals are measured in the following sequence: reflected signal, dark signal in the reflected position, incident signal, dark signal in the incident position. The dark signals are obtained by closing a shutter in the projection beam path of the detection. The comparison items were aligned to the robotic hand of the gonioreflectometer with the dorsal orientation mark upright due to a dedicated adjustment procedure to assure that the surface is collinear with the combined rotation axis of the large rotation stage and the base axis of the robot.
C. NIST Measurements
At NIST, there are two reflectance facilities. The first is the NIST Spectral Tri-function Automated Reference Reflectometer (STARR), which serves as the national reference instrument for spectral reflectance measurements. The instrument was designed to calibrate spectrally neutral, non-fluorescent specular and diffuse samples for both directionalhemispherical and bidirectional reflectance measurement geometries. The second reflectance facility is the NIST Goniospectrometer. The primary purpose of this multi-functional facility is to measure the spectral reflectance of colored samples over a wide range of illumination and viewing angles, including out-of-plane geometries. This capability is important for the colorimetric characterization of complex surfaces, such as gonioapparent or retroreflective coatings and to disseminate color standards to the color and appearance community.
NIST STARR
STARR acquires absolute measurements of bidirectional reflectance, using a quasi-monochromatic source for irradiation of the sample and broadband detection of the reflected radiation. STARR is described extensively in [25] , and a schematic is shown in Figure 2 .
Briefly, a spherical mirror focuses radiant flux from the source through an order-sorting filter and a shutter onto the entrance slit of a single-grating monochromator. The beam emerging from the exit slit of the monochromator is incident on an iris to provide a circular incident beam, and is collimated by an off-axis parabolic mirror. The incident beam passes through a Glan-Taylor polarizer before passing through the sample goniometer. The beam is collected by the detector aperture, and is focused by a lens onto the detector, which produced a signal proportional to the radiant flux. (Refer to Table 1 for additional details.)
The spectral reflectance factor R(λ,σ) is calculated based on the following equation:
where rD is the distance between the sample and the aperture of the detector, AD is the area of this aperture, and θr is the detection angle of the reflected radiation.
′ (λ) is the net signal due to the reflected radiation and ′ (λ) is the net signal due to the incident radiation, such that both signals are corrected for the dark current.
The comparison items were placed in the sample holder with the dorsal orientation mark upright. For each wavelength and polarization, the signals are collected in the following sequence: incident signal, dark signal in the incident position, reflected signal, dark signal in the reflected position, incident signal, and dark signal in the incident position. Dark signals are obtained by closing the shutter on the monochromator, and the net signals for the incident and reflected positions are obtained by subtracting the dark signals. The average net signal due to the incident radiation, acquired before and after each measurement of the reflected signal, is used to minimize the effects of source drift and fluctuations on the timescale of a single reflectance measurement. The reflectance factors acquired for each polarization, 0° and 90°, are averaged to yield the reflectance factor for unpolarized incident radiation.
NIST Goniospectrometer
The NIST Goniospectometer consists of a monochromatic illuminator, a white light illuminator, a 0:45 color wheel, a fiveaxis goniometer, and receivers [13,26−28] . A schematic of the instrument is shown in Figure 3 . Briefly, the light passes through an order-sorting filter, a double-grating monochromator, a telecentric aperture, an optical chopper, an elliptical focusing mirror, a beam-splitting window, and a polarization scrambler. The radiant flux reflected from the beam-splitting window is measured with a monitor detector, which consists of a lens, a precision aperture, and a 10 mm by 10 mm silicon photodiode. A folding mirror is used to select between two measurement geometries: 0:45 color wheel and the five-axis goniometer. For all measurements, the comparison items were placed in the sample holder with the dorsal orientation mark upright.
Two measurement configurations can be implemented with the NIST Goniospectrometer. The first is the 0:45 color wheel, which was designed to make relative measurements. The illumination and viewing angles are fixed at 0° and 45°, respectively, while a sample wheel containing the comparison items and reference reflectance standards rotates through each sample position (up to 20). At each wavelength, reflected signals are measured for each position of the sample wheel containing an item.
To determine the 0:45 reflectance factor of the comparison items, the reflected signals are compared to reference standards, whose 0:45 reflectance factors have been determined using the NIST STARR facility. Thus, the reflectance factor R(λ,σ), obtained using the 0:45 color wheel, at each wavelength λ and polarization σ is given by ( , ) =
( , )
where S and Ss are the measured signals from the item and standard, respectively, and Rs is the reflectance factor of the reference standard. These signals are collected in AC mode using a mechanical chopper and phase-sensitive detection.
The second measurement configuration implemented with the NIST Goniospectrometer is the five-axis goniometer, which allows bidirectional reflectance measurements over a wide range of illumination and viewing angles for in-plane and out-ofplane geometries. The sample can be moved about three different axes, allowing illumination and viewing for any direction within the hemisphere about the sample. The five-axis goniometer enables absolute reflectance measurements.
The spectral component of reflectance can be determined in two ways using the five-axis goniometer. In the first case, the incident beam is generated using the lamp and monochromator system described above and a single element silicon (Si) photodiode is installed on the receiver arm of the five-axis goniometer. This case mirrors the measurement method of NIST STARR with two important differences: limited spectral range (visible region only) and reduced stray light component for color samples with smaller uncertainties. It was validated through a comparison measurement with the NIST STARR facility. The two instruments agreed to within 0.5 % [12] .
In the second case, a broadband source illuminates the sample and a fiber-coupled CCD array spectrometer is mounted on the receiver arm of the five-axis goniometer [28] . The array spectrometer is corrected for spectrally stray light and a neutral density (ND) filter is used for the measurement of the reference flux to increase the available dynamic range. This case was validated in a comparison with the 0:45 color wheel [29] . For measurements above 500 nm, the instruments agreed within 0.5 %.
For both cases employing the five-axis goniometer, the spectral reflectance factor R(λ) at each wavelength is calculated
where, rD is the distance between the sample and the aperture of the detector, AD is the area of this aperture, and θr is the detection angle of the reflected radiation.
′ (λ) is the net signal due to the reflected radiation and ′ (λ) is the net signal due to the incident radiation.
Uncertainty analysis
A set of uncertainty components for the absolute bidirectional reflectance measurements is common among the different instruments described above. These include Type B components caused by the geometry of the instrument, such as angles of incidence and reflection, aperture distance and area, and location of the sample; wavelength discrimination; stray light; and linearity of the detector. The Type A component is due to random effects, such as detector noise. Depending on the instrument, the Type A component may either be calculated from the uncertainty in the signals or the standard deviation of repeat measurements.
Additionally, there are uncertainty components unique to each instrument. For the PTB Gonioreflectometer, these Type B components are lamp stability and the temperature dependence of the sphere aperture. For the NIST five-axis goniospectrometer with CCD detection system, there is a Type B component due to the transmittance of the ND filter, which is used with the CCD array spectrometer. Also, there is a Type B component for the NIST STARR and five-axis goniospectrometer (both detection methods) due to approximations made in the solid angle calculations.
The sources of uncertainty and their contributions, expressed in absolute terms, for the absolute bidirectional reflectance measurements are reported for each instrument and comparison item in Tables 2, 3 , 5, and 6.
The set of uncertainty components for the relative bidirectional reflectance measurements is simplified in comparison. These sources and their contributions are reported in Table 4 . The design of the instrument (fixed angles of incidence and reflection) and use of the substitution method eliminate the uncertainty contributions due to geometrical effects. Uncertainty due to detector linearity is evaluated together with uncertainty due to misalignment of the sample and/or reference standard and reported under the term offset. Additionally, there is an uncertainty component due to the reference standard [27] .
Uncertainties are calculated in accordance with the procedures outlined in the Guide to the Expression of Uncertainty in Measurement (GUM) [30] . The final uncertainty, as stated in Tables 2 through 6 , is the expanded measurement uncertainty, which is obtained by multiplying the combined measurement uncertainty from all uncertainty contributions by the coverage factor k = 2. Use of this coverage factor means that that 95% of intervals constructed in this manner will include the true value of the measurand.
Results and Discussion
The reflectance factors of each comparison item were determined according to the respective measurement equation of each instrument as detailed above. Example plots of these values are shown in Figure 4 for PTFE #1 and Ceramic #45. Visual inspection of the spectra in each figure indicates good agreement between the various instruments.
Agreement between a pair of instruments is described quantitatively by calculating the difference between the values of reflectance factors obtained by each instrument and comparing the difference to the combined expanded uncertainty (k = 2) of the two instruments. The resulting agreement between the national reference instruments of PTB and NIST for each comparison item is shown in Figure 5 . Figures 6, 7 , and 8 show the resulting agreement between the various measurement configurations of the NIST Goniospectrometer and NIST STARR for each comparison item. (Due to time restrictions, the five-axis goniospectrometer with Si photodiode only measured Ceramic #46; the agreement with NIST STARR is limited to this comparison item only as shown in Figure 8 .) Overall, the differences in reflectance values fall within the combined expanded uncertainty, indicating good agreement between each pair of instruments. This suggests that each instrument is supported by reasonable uncertainty budgets and substantiates the quality of measurements obtained by these instruments.
The results also highlight the need for improvement in some areas. Common to all plots is the increasingly negative difference for Ceramic #46 as the wavelength decreases from approximately 450 nm to 330 nm. This suggests that the values for reflectance factor obtained by STARR for this sample were too large in comparison to the values obtained by PTB and the NIST Goniospectrometer. Several possible reasons may explain the larger than expected values.
Differences in the bandwidth or bandpass of the instruments may account for the discrepancy in comparison results. NIST STARR has the largest bandwidth for its source, 14 nm. The bandwidth for PTB's detection system is 3 nm (for wavelengths less than 900 nm), and the bandwidth for the NIST Goniospectrometer is 5 nm. Thus, PTB and NIST goniospectrometers can more precisely measure the rapidly changing reflectance values of the ceramic samples below 450 nm compared to NIST STARR. However, the differences between NIST STARR and the other instruments are well within the expanded uncertainties for Ceramic #45, suggesting that the bandwidth of NIST STARR is not a significant influence.
Another possible reason may be the different stray light uncertainties of the instruments. NIST STARR uses a single monochromator with broadband detection, which results in a stray light uncertainty of 10 -4 . The PTB gonioreflectometer also has a single monochromator, but it uses broadband illumination with monochromatic detection to reduce its stray light uncertainty to 10 -5 . The NIST Goniospectrometer reduces its stray light uncertainty to 10 -6 by using a double additive monochromator. (There is broadband detection for the configurations 0:45 color and five-axis goniometer with Si detector, and monochromatic detection for the configuration with the five-axis goniometer with CCD detection system.) If there were fluorescence from sample or other stray light, it would contribute most significantly to measurements obtained with NIST STARR. However, the results for Ceramic #45 do not show the same trend as Ceramic #46, suggesting that the trend is not due to fluorescence. Additionally, the lack of a systematic bias for all samples suggests that stray light is also not responsible.
Between 330 nm and 450 nm, the reflectance values for the ceramic samples are changing rapidly. A shift in the wavelength scale in this spectral region could significantly affect the values of reflectance factors. NIST has discovered in the time since the completion of this intercomparison that the mechanical movements involved in switching between the xenon arc and quartz-tungsten-halogen lamps were unstable and could result in a wavelength shift of several tenths of a nanometer. It is possible that a shift in the wavelength scale occurred temporarily affecting measurement of Ceramic #46 and resulting in larger than expected values. Procedures and checks are now in place to verify the wavelength scale and prevent such errors.
In addition to the trend seen for Ceramic #46, a larger-than-expected difference between the reflectance values obtained by NIST STARR and the 0:45 color configuration of the NIST Goniospectrometer is observed for PTFE #2. Because other samples have reasonable agreement and 0:45 color is directly referenced to NIST STARR, it is likely due to an alteration in the alignment of the sample pocket in the 0:45 color wheel.
Conclusion
We have presented the results of a bilateral comparison of bidirectional reflectance scales of NIST and PTB. The scales for reflectance factor in 0:45 geometry for PTB and NIST STARR were found to be in good agreement within the combined expanded uncertainty (k = 2) in the investigated spectral range 330 nm to 1150 nm. Further, the 0:45 reflectance factor scales of NIST STARR and the various measurement configurations of the NIST Goniospectrometer were found to be in good agreement. These results demonstrate the equivalence of the measurements produced by each of the instruments despite the varying designs and methods. They also provide critical evidence of the comparability of the NIST's and PTB's bidirectional reflectance scales in the absence of a key comparison.
In the near future, we plan to extend the number of compared geometrical configurations to include the industrial relevant geometries of 45:−30, 45:−20, 45:0, 45:30 and 45:65 as recommended in ASTM E2539-8 and realized in many commercial multi-angle spectrophotometers [18] . Table 5 . Uncertainty contributions and expanded uncertainty (k = 2) of the 0:45 spectral reflectance factor R(λ) of Ceramic #46, as determined by the five-axis goniometer with Si photodiode. Table 6 . Uncertainty contributions and expanded uncertainty (k = 2) of the 0:45 spectral reflectance factor R(λ) of the matte ceramic and sintered PTFE reflectance standards, as determined by the five-axis goniometer with CCD detection system. 
